Abstract. Calcium phosphates (CaP) were coated on a zirconia (ZrO 2 ) porous scaffold for hard tissue applications. The ZrO 2 porous body, intended to be a load-bearing part, was fabricated by a polymeric foam reticulate method. On the framework, CaP layers were deposited by a powder slurry method to induce bioactivity and osteoconductivity. The compositions of the coating layers were varied to be biphasic, i. e., hydroxyapatite (HA) with tricalcium phosphate (TCP) and fluorapatite (FA). The coated scaffolds had a porosity of ~ 90 % and pore size of ~500-600 mm. The compressive strength of the coated ZrO 2 scaffolds was ~5 MPa, which was ~7 times higher than those of pure HA. The coating layers had a thickness of ~30 mm and was firmly adhered to the substrate. The adhesive strength of the coating layer was ~20-25 MPa. Human osteoblast-like cells grew and proliferated well on the coated scaffolds. The differentiation of the cells on the coated scaffolds was higher than those on pure ZrO 2 scaffold, confirming improved cell activity via the calcium phosphate coatings.
Introduction
Calcium phosphate (CaP) ceramics, such as hydroxyapatite [HA; Ca 10 (PO 4 ) 6 2 ], have attracted lots of attention as teeth and bone substitutes [1] [2] [3] . Their chemical and crystallographic similarities as well as osteoconductivity and bioactivity to hard tissues give them excellent biocompatibility. To be a bone scaffold, the porous structure is favored due to the high specific surface area and blood circulation. However, the poor mechanical properties restricted their applications to the powders, granules, and non-load bearing parts [4] . Therefore, coating systems onto metals and ceramic oxides were employed to improve mechanical properties as well as biocompatibility [5] .
On the other hand, zirconia (ZrO 2 ) is a well-known bioceramic, which possesses excellent mechanical properties. Several researchers have fabricated ZrO 2 bodies for biomedical applications [6] . However, ZrO 2 is not osteoconductive and do not bond directly to bone [3] . Therefore, bioactive materials need to be coated on the surface.
In this study, a porous ZrO 2 body, which was chosen as a framework for load bearing, was coated with CaP layers to enhance biocompatibility and osteoconductivity. In particular, an FA intermediate layer was placed into the CaP layer / ZrO 2 substrate to suppress the reaction between CaP and ZrO 2 . The porous ZrO 2 body was fabricated by a polymeric sponge replication technique and the FA and CaP coating layers were obtained by a powder slurry method. The coating system was characterized in terms of structural, mechanical properties, and in-vitro cellular responses.
Experimental Procedures
The ZrO 2 slurry was made by mixing a 100 g of ZrO 2 powder (3 mol% Y 2 O 3 , Cerac) with 6 g of tri-ethyl phosphate and poly vinyl butyl in distilled water. The polyurethane sponge (Customs Foam) was immersed in the slurry then dried at 80 o C. After repeating the dipping/drying step, the foam was heat-treated at 800 o C for 5 h, and subsequently at 1400°C for 3 h. The above replication process was repeated to obtain a porosity of ~90 %. The initial powders for each coating slurry were prepared from HA (Alfa Aesar, USA), TCP (Merck, Germany), and CaF 2 (Aldrich, USA). The FA powder was obtained from a reaction between TCP and CaF 2 , as previously described [7] . The biphasic powders (HA+FA and HA+TCP) were prepared by mixing each powder at an equivalent molar ratio (HA/FA and HA/TCP = 1).
Each coating powder was dissolved in ethanol solution mixed with tri-ethyl phosphate and polyvinyl butyl. Initially, the ZrO 2 scaffold was dip-coated with the FA slurry to form an intermediate layer. After drying and heat-treating, CaP outer layers were coated using the corresponding slurry under the same conditions as the FA pre-coating process. Coating process was repeated to produce a uniform coating layer. The ZrO 2 porous scaffolds coated with different CaP compositions are designated as shown in Table 1 .
Phase and morphology of the coated scaffolds were analyzed using X-ray diffraction (XRD) patterns and scanning electron microscopy (SEM), respectively. Compressive strength was tested on the porous specimens (5 x 5 x 10 mm) at a crosshead speed of 0.05 mm/min. Adhesive strength of the coating layer was tested with an adhesion testing apparatus (Sebastian V, USA), as described previously [5] .
Cellular responses to the scaffolds were assessed in terms of cell proliferation and differentiation. MG63 cells were seeded on the coated scaffolds at a density of 1x10 4 cells/ml. Pure ZrO 2 scaffold was also tested for comparison. After culturing for 3 and 7 days, the cells were detached with trypsin-EDTA solution (trypsinization). After centrifuging and washing, the cells were counted using a hemocytometer. Each set of tests was performed in triplicate. Cell growth morphology was observed using SEM after fixing, dehydrating, and critical point drying of the cells. Cell differentiation was assessed in terms of alkaline phosphatase (ALP) activity. MG63 cells were cultured for 10 days, and then trypsinized as described above. After centrifuging, the cells were resuspended with Triton X-100, and disrupted further by freezing / thawing cycles. After centrifugation, the cell lysates were reacted with p-nitrophenyl phosphate at pH 10.3 for 60 min. The result-out color product, p-nitrophenol, was measured at 410 nm using a spectrophotometer. 
Results and Discussion
The structures of the ZrO 2 porous scaffolds coated with CaP1 layer are shown in Fig. 1 . A highly porous structure with interconnected framework was obtained (Fig. 1A) . The initial polyurethane foam structure was exactly replicated with perfectly interconnected open pores. As shown in Table 2 , the sizes of pores and the stems were about 500-600 mm and 100-200 mm, moreover the porosity was as high as 90 %. This structure is expected to be adequate to allow bone ingrowth as well as to supply blood circulation [8] . At high magnification, CaP1 coating layer is seen to cover the ZrO 2 surface uniformly (Fig. 1B) . The coating structure was relatively porous with pore sizes of several microns. This micro-porous structure of the coating layer is expected to enhance adhesion of the bone with implants via mechanical interlocking and consequently to promote osseointegration [9] . The cross section view of the scaffold represented a typical double-layered structure (Fig. 1C) . The thicknesses of the outer and inner coating layers are ~5 and ~20 mm, respectively. There were no delamination or cracks at the interfaces, indicating tight adhesions among the layers. This ZrO 2 scaffold coated with CaP layers had a compressive strength of 5.4 MPa. The value was approximately 7 times higher than that of pure HA scaffold (0.7 MPa). This value confirms the efficacy of ZrO 2 as hard tissue applications when considering the compressive strength of human
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cancellous bone (2-12 MPa) [3] . As shown in the microstructure, the reticulated foam approach is found to be quite effective in obtaining highly porous structures. Moreover, the porosity was easily controllable by repeating the replication process. Especially, during the coating process, a care should be taken to restrain the reaction between CaP layer and ZrO 2 substrate. Previously, the direct contact of HA with ZrO 2 at elevated temperatures caused serious decomposition reactions, producing reaction products of TCP and CaZrO 3 [10] . The reactions degrade the mechanical properties of interface, and consequently the biocompatibility of the material [10] . When FA layer was inserted, there was no reaction (data not shown here). The adhesive strength of the coating layer was approximately 20-25 MPa regardless of the coating composition, as shown Table 3 . The adhesive strength of the coating layer is the crucial parameter that determines the permanence and durability of the system because a poor bonding results in coating debris and a loss of fixation from the host tissues. The strengths obtained in this study were comparable to those of commercial plasma-spray coatings [3] . This high adhesive strength was deemed to the relaxation of thermal mismatch between the CaP and ZrO 2 (due to porous structure of the coating layer) and also to the chemical inertness of FA with respect to ZrO 2 substrate. However, the intrinsic mechanical properties of the coating layer, such as the toughness and hardness, are expected to be somewhat down regulated due to the micro-porous structure. Cellular responses of the coated scaffolds were assessed using osteoblast-like MG63 cells. Cell growth morphologies on the CaP1 coated ZrO 2 after culturing for 3 and 7 days are represented in Figs. 2A and B, respectively. When cultured for 3 days, the cell membranes highly spread on the coated surface with an intimate contact, and migrated deep into the large pores, suggesting the osteoconducting characteristics of the porous scaffolds ( Fig. 2A) . After 7 days, much larger number of cells grew on the surface, covering nearly the whole surface (Fig. 2B) . The scaffolds coated with other CaP layers had similar cell growth morphologies to the CaP1 coated sample (data not shown here). The proliferation and differentiation characteristics of the cells were quantified, as shown in Fig. 3 . Cell differentiation was evaluated via alkaline phosphatase (ALP) expression level since the ALP activity has been recognized as a marker for the functionality and activity of the osteoblast cells undergoing the differentiation step. Pure ZrO 2 without coating was also tested for comparison. MG63 cells similarly proliferated on both coated scaffolds and pure ZrO 2 . In a different manner, the ALP activities of the cells showed higher ALP expression levels on the coated scaffolds compared 
Summary and Conclusions
Biphasic calcium phosphate layers (HA+TCP and HA+FA) were successfully coated on a strong ZrO 2 porous scaffold for hard tissue applications. The coated scaffolds had highly porous structure with porosity and pore size of about 90 % and 500-600 mm. Compressive strength of the scaffold was superior to that of pure HA. The obtained coating layer was microporous with a thickness of ~30 mm. Adhesive strength of the coating layer was as high as 20-25 MPa. Osteoblast-like MG63 cells on the coating layer grew and spread actively, and showed higher ALP expression levels compared to those on pure ZrO 2 , confirming the enhanced cell differentiation on the coating system. 
